Introduction
============

Hepatocellular carcinoma (HCC) is one of the most lethal and prevalent cancers, closely associated with cirrhosis and fibrosis with a variable etiology ([@b1-mmr-22-02-0697]). Notably, its incidence and mortality are higher in developing countries, with an increasing burden on developed countries ([@b2-mmr-22-02-0697]). Predominantly, HCC is caused by chronic hepatitis B and C viral infections, alcoholic liver and non-alcoholic fatty liver disease ([@b3-mmr-22-02-0697]). Chronic inflammation promotes HCC progression ([@b4-mmr-22-02-0697]). Furthermore, HCC is closely associated with immune suppression and tolerance ([@b5-mmr-22-02-0697]). A great number of cytokines, immune-inhibitory receptors, pro-inflammatory cytokines and their ligands also prompt immunosuppression to contribute to HCC progression ([@b6-mmr-22-02-0697]). Following viral hepatitis or chronic liver insults, elevated interleukin (IL) 6 activates hepatocyte proliferation, which ultimately results in HCC ([@b7-mmr-22-02-0697]).

As a key cellular compartment, the endoplasmic reticulum (ER) is indispensable in protein synthesis and protein maturation, which needs the participation of folding enzymes and chaperones ([@b8-mmr-22-02-0697]). Protein homeostasis is disturbed, with ER stress (ERS) occurring, when the amount of unfolded protein exceeds the ER capacity ([@b9-mmr-22-02-0697]). ERS induction by infection has been implicated in HCC and disease progression with chronic inflammation via enhanced inflammation, oxidative stress-mediated DNA damage and hepatocyte proliferation. Notably, ERS is crucial for cancer cells to preserve malignancy and maintain resistance to therapy. Indeed, ERS participates in HCC radiation and chemotherapy resistance ([@b10-mmr-22-02-0697],[@b11-mmr-22-02-0697]). Furthermore, the escape of tumor cells from immunosurveillance has been attributed to ERS ([@b9-mmr-22-02-0697]). ERS results in the gathering of misfolded or unfolded proteins. Under this situation, the unfolded protein response (UPR) in cells is activated to alleviate the superabundant protein load, including transient reduction of protein translation and misfolded protein degradation ([@b8-mmr-22-02-0697]). In addition, folding enzymes and molecular chaperones strengthen the ER capability to fold and degrade more proteins ([@b12-mmr-22-02-0697]).

Continuous UPR activation occurs in various types of cancer and is believed to facilitate oncogenic processes. The UPR can be activated by three ER sensors: Activating transcription factor-6 (ATF6), inositol-requiring enzyme 1 (IRE1) and protein kinase RNA-like endoplasmic reticulum kinase (PERK). The ER lumen houses several chaperones, including glucose-regulated protein-78 (GRP78)/binding immunoglobulin protein (BiP) and −94 (GRP94), and protein disulfide-isomerase A4 (PDIA4) ([@b13-mmr-22-02-0697]). Molecular chaperones play an essential role in maintaining ER protein homeostasis. Normally, GRP78 is bound to the three ER sensors, maintaining them in an inactive form ([@b14-mmr-22-02-0697],[@b15-mmr-22-02-0697]). Upon dissociation from GRP78, PERK and IRE1 transform into oligomers or homodimers, activating the downstream pathways through autophosphorylation. Upon release by BiP, ATF6 is transformed into a transcription factor, stimulating the transcription of different ER chaperones ([@b16-mmr-22-02-0697],[@b17-mmr-22-02-0697]). The effects of PERK and IRE1 are both proapoptotic and pro-survival, whereas the effect of ATF6 is principally cytoprotective ([@b18-mmr-22-02-0697]). In human HCC, GRP78, ATF6, IRE1 and PERK expressions are higher than the basal levels and negatively associated with the overall survival and clinicopathological scores in HCC patients ([@b4-mmr-22-02-0697],[@b19-mmr-22-02-0697]).

Natural compounds exhibit promising applications in cancer therapy attributed to their special pharmacological activities and low toxicity ([@b20-mmr-22-02-0697]). The roots of *Cynanchum auriculatum* Royle ex Wight, known as '*baishouwu*' in China and in other Asian countries, have been widely used as a tonic supplement for strengthening kidney function in clinical settings ([@b21-mmr-22-02-0697]). Caudatin has the highest antitumor capacity among several C-21 steroidal glycosides isolated from *baishouwu*, exhibiting selectivity towards hepatoma cell lines compared with other tumor cell lines ([@b22-mmr-22-02-0697]). Furthermore, the inhibitory effect of caudatin has been validated in a H22 solid tumor model *in vivo* ([@b20-mmr-22-02-0697]). Caudatin prevents tumor progression by stimulating DNA damage-mediated cell cycle arrest ([@b23-mmr-22-02-0697]) or apoptosis ([@b24-mmr-22-02-0697]). Previously, the present authors demonstrated that caudatin effectively inhibited human hepatoma cell growth and metastasis ([@b25-mmr-22-02-0697]). However, the *in vivo* effect of caudatin in the orthotopic tumor model has not yet been elucidated. Therefore, the present study used the diethylnitrosamine (DEN)-induced cirrhotic rat model with HCC to test the safety and antitumor efficacy of caudatin and explore the mechanism of action.

Materials and methods
=====================

### Reagents and materials

Caudatin, Tween-20, bovine serum albumin and sodium dodecyl sulfate were purchased from Sigma-Aldrich Shanghai Trading Co. Ltd. The various antibodies used were: ATF4 (cat. no. sc-390063) were obtained from Santa Cruz Biotechnology, Inc. eIF2α (cat. no. 5324), phosphorylated (p)-eIF2α (cat. no. 3398), GRP78 (cat. no. 3183), IRE1α (cat. no. 3294), p-PERK (cat. no. 3179) and PERK (cat. no. 3192) were purchased from Cell Signaling Technology, Inc. Tubulin (cat. no. ab7291), p-IRE1α (cat. no. ab48187), Ki67 (cat. no. ab16667), ATF6 (cat. no. ab203119), GAPDH (cat. no. ab181602), PDIA4 (cat. no. ab82587) and GRP94 (cat. no. ab2791) were purchased from Abcam. All other chemicals were of analytical grade and were obtained commercially.

### Diethylnitrosamine-induced HCC rat model

A total of 18 female Sprague-Dawley rats (age, 2 months; weight, 200±20 g) were obtained from Shanghai Lab Animal Research Center. Rats were maintained on a standard diet and water *ad libitum* (12 h light/dark cycle with humidity of 60±5% and temperature 22±3°C). Rats were intraperitoneally injected with 70 mg/kg of diethylnitrosamine (DEN; Sigma-Aldrich, Merck KGaA) once per week for 10 continuous weeks. All animal experiments were approved by the Institutional Animal Care and Use Committee of Jiangsu Provincial Academy of Chinese Medicine (approval no. AEWC-20170727-05). The 18 rats were divided into three groups and received treatment from week 6--20, with six rats in each group: DEN-treated control group, and low and high doses of Caudatin groups (25 or 50 mg/kg, respectively; oral administration), 6 days oral administration per week. Rats were sacrificed 10 weeks following the last DEN injection. Normal rats were used as the blank group.

### Biochemical assays

Prior to sacrifice, the blood of rats was collected and centrifuged at 1,411 × g for 10 min at 4°C to measure serum aspartate aminotransferase (AST), alanine transaminase (ALT) and total bilirubin (TBIL) using an autoanalyzer (Type 7020, Hitachi, Ltd.). The supernatant of liver homogenates was used for the measurements of malondialdehyde (MDA). MDA was determined spectrophotometrically at 535 nm. Intracellular cytokine levels were monitored in liver whole-cell lysate using IL-6 (cat. no.431307), IL-1β (cat. no. 437007), monocyte chemoattractant protein-1 (MCP-1; cat. no. 438807) and tumor necrosis factor (TNF) α (cat. no. 438207) ELISA kits (Biolegend, Inc.).

### MRI

Rats were anesthetized with 2% isoflurane during MRI observation in a wrist coil. A supine position was scanned using a 1.5 T MRI scanner (Echo speed; GE Healthcare). T1-weighted, T2-weighted and diffusion-weighted imaging (DWI) sequences were performed. Rats were injected with Magnevist (Schering; Bayer HealthCare Pharmaceuticals) through the tail vein and contrast-enhanced MR scanning (T1CE) was performed following injection.

### Immunohistochemistry and hematoxylin and eosin (H&E) staining

Livers were excised and, following 48 h fixation in paraformaldehyde at room temperature, and paraffin sections (thickness, 4-µm) were prepared. Sections were deparaffinized by rinsing twice in xylene for 10 min each. The tissue sections were hydrated with ethanol series (100, 95, 75 and 50%) and washed in distilled water. Heat-induced epitope retrieval was achieved with Tris-EDTA (pH 8). Endogenous peroxidase activity was quenched by 3% H~2~O~2~ and incubated with 5% normal goat serum (cat. no. 7481; Abcam) at room temperature for 30 min, followed by overnight incubation with anti-Ki-67 (1:500), anti-GRP78 (1:200) antibody at 4°C. Sections were then washed with PBS and incubated with goat anti-rabbit IgG H&L (horseradish peroxidase) antibodies (cat. no. 205718; 1:2,000; Abcam) at 37°C for 30 min. Immunoreactivity was identified as brown in liver sections counterstained with hematoxylin.

The deparaffinized sections (thickness, 4-µm) was also stained with H&E kits (Servicebio, Inc.) according to the manufacturer\'s instructions. Sections were stained with hematoxylin at room temperature for 5 min, followed by 0.5% eosin staining at room temperature for 3 min. The H&E staining was independently inspected by a pathologist in a blinded manner. The length of the scale bar is given in the figure legends.

### RNA isolation and reverse transcription-quantitative (RT-q) PCR

RNA was extracted from liver tumors or normal livers with TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). RNA extraction, cDNA synthesis and qPCR were performed according to the manufacturer\'s protocols. Initially, the RNA samples were screened based on their purity (260/280 ≥1.8) with a NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.). cDNA was synthesized via Superscript III, using 5 µg of RNA and oligo-dT as primer. RT-qPCR was performed on an ABI 7900HT real-time PCR instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.) with primers as follows: GAPDH (NM_017008.4, 5′-AGTGCCAGCCTCGTCTCATA-3′, 5′-TACGGCCAAATCCGTTCACA-3′), GRP78 (NM_013083.2, 5′-TCGACTTGGGGACCACCTAT-3′, 5′-GCGGCCGTTCTTGAATACAC-3′), GRP94 (NM_001012197.2, 5′-TAAGCTCTATGTGCGCCGAG-3′, 5′-TCACGGGAAACATTGAGGGG-3′), ATF4 (NM_024403.2, 5′-TTAAGCCATGGCGCTCTTCA-3′, 5′-GACATTAAGTCCCCCGCCAA-3′), PDIA4 (NM_053849.1, 5′-AGTGGAGAGGACGTCAATGC-3′, 5′-CCCTGACTGGTCCCTTGTTG-3′), ERDJ4 (NM_012699.2, 5′-AACAGGACGAAGGTTGCTCG-3′, 5′-AACTGACTGTGGAGTTGCCA-3′) and GADD34 (NM_133546.3, 5′-GAGAATGTGGCCCCAGTTGA-3′, 5′-ACAATGCTGGGTACTCTGGC-3′). The cycling conditions were as follows: Initial denaturation at 95°C for 30 sec, followed by 40 cycles of primer annealing at 60°C for 30 sec and an extension of amplicon at 72°C for 1 min. The RNA levels were quantified using the 2^−ΔΔCq^ method ([@b26-mmr-22-02-0697]).

### Western blot analysis

Protein extraction was performed by homogenizing the rat liver in ice-cold hypotonic buffer containing PMSF and Nonidet P-40. Total protein was quantified, mixed with sample buffer and boiled at 90°C for 5 min. The protein concentration was determined with a bicinchoninic acid kit (Beyotime Institute of Biotechnology). Equal amount of protein (30 µg) was separated by electrophoresis in 12% SDS-PAGE, transferred to PVDF membranes. After blocking with 5% non-fat milk in TBST (0.1% Tween-20) for 1 h at room temperature, the membranes were incubated with antibodies against ATF4 (1:1,000), eIF2α (1:500), p-eIF2α (1:500), GRP78 (1:1,000), IRE1α (1:1,000), p-PERK (1:500), PERK (1:1,000), Tubulin (1:2,000), p-IRE1α (1:500), Ki67 (1:2,000), ATF6 (1:2,000), GAPDH (1:5,000), PDIA4 (1:1,000) or GRP94 (1:1,000) overnight at 4°C. All the antibodies were diluted in 5% non-fat milk in TBST. Slides were then incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG H&L (cat. no. 205718; 1:2,000; Abcam) or goat anti-rat IgG H&L (cat. no. 97057; 1:2,000; Abcam) secondary antibodies for 2 h at room temperature. The immune complexes were visualized with an enhanced chemiluminescence detection kit (GE Healthcare Life Sciences). The quantification of protein expression was normalized with control protein expression. Band intensity quantification was performed using ImageQuant TL software (version 7.0; GE Healthcare Life Sciences).

### Statistical analysis

Assays were conducted in three independent experiments. Statistical comparisons were performed using one-way analysis of variance followed by Tukey\'s multiple comparison post hoc test using GraphPad Prism 5.0 software (GraphPad Software, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Caudatin inhibited HCC development in rats

The therapeutic effect of caudatin in DEN-induced HCC rats was assessed using MRI. The liver tumors appeared homogeneously hypo- or isointense in T1-weighted MR images and hyperintense in DWI and T2 sequence images relative to the adjacent normal liver ([Fig. 1](#f1-mmr-22-02-0697){ref-type="fig"}). The liver tumors appeared iso- or slightly hypo-intense on T1CE images, as indicated by the red asterisk in [Fig. 1](#f1-mmr-22-02-0697){ref-type="fig"}. DEN-induced rats demonstrated a higher number of tumor nodules in the liver as observed in the MRI analysis. Tumor nodules were considerably inhibited in the caudatin group compared with the model rats, particularly in the 50 mg/kg treatment group.

DEN-initiation resulted in multiple and visible surface liver tumors (data not shown). In histological staining during end-point necropsy, histopathology examinations further verified the observations of MR imaging. The DEN-induced tumors were either well, moderate, or poorly differentiated HCC, confirming the progress of HCC as a result of the DEN insult ([Figs. 2](#f2-mmr-22-02-0697){ref-type="fig"} and [S1](#SD1-mmr-22-02-0697){ref-type="supplementary-material"}). At week 20, tumor nodules were observed in a background of fibrosis ([Figs. 2](#f2-mmr-22-02-0697){ref-type="fig"} and [S1](#SD1-mmr-22-02-0697){ref-type="supplementary-material"}). Additionally, hemorrhage, adenoid structures and necrosis were observed in the DEN group. Furthermore, pseudoadenoid structures were formed by necrosis of central tumors ([Fig. S1](#SD1-mmr-22-02-0697){ref-type="supplementary-material"}). In the caudatin group, tumor necrosis was attenuated and the number of cancerous cells reduced; however, fibrosis, hepatic sinus dilation and infiltration of inflammatory cells were still obvious ([Fig. 2](#f2-mmr-22-02-0697){ref-type="fig"}). Caudatin also inhibited the proliferation marker Ki-67 ([Fig. 2](#f2-mmr-22-02-0697){ref-type="fig"}). Food intake by weight was similar among the four groups and caudatin demonstrated no significant effect on body weight ([Table I](#tI-mmr-22-02-0697){ref-type="table"}). Notably, caudatin substantially reduced HCC incidence, macroscopic nodules and hepatic preneoplastic lesions that may advance into tumors ([Table I](#tI-mmr-22-02-0697){ref-type="table"}).

### Effect of caudatin on biochemical markers of hepatic injury

The serum levels of TBIL, AST, ALT and malondialdehyde MDA were significantly elevated in the liver homogenates following DEN treatment ([Table II](#tII-mmr-22-02-0697){ref-type="table"}; P\<0.05). ALT was elevated to 30.65±2.02 in DEN-treated rats and reduced to 18.61±0.85 in caudatin-treated rats (50 mg/kg) (P\<0.05), compared with the normal group. The base level of ALT in the control group was 10.85±1.01 U/ml. Simultaneously, AST increased in DEN rats (36.04±2.48) and markedly decreased to 23.10±1.18 U/ml in caudatin-treated rats (P\<0.05). TBIL increased to 1.02±0.18 in the DEN group (vs. 0.27±0.08, control) but was reduced substantially (0.77±0.19) in rats administered caudatin following DEN (P\<0.05). In the DEN-induced rats, the MDA level was 528.18±58.42 mol/g in liver tissues and reduced to 370.19±32.57 mol/g in the caudatin-treated group (P\<0.05). The prevention of ALT, AST and TBIL leakage from the liver suggested a potential protective effect of caudatin in DEN-induced liver damage.

### Caudatin-mediated repression in hepatic tumorigenesis is associated with reduced hepatic pro-inflammatory cytokines

Numerous animal studies have suggested that DEN-promoted liver tumorigenesis is associated with an amplified pro-inflammatory response ([@b27-mmr-22-02-0697]--[@b29-mmr-22-02-0697]). In the present study, the infiltration of inflammatory cells was demonstrated in the H&E staining of the liver ([Fig. 2](#f2-mmr-22-02-0697){ref-type="fig"}). Consistently, the tissue protein levels of pro-inflammatory cytokines, including IL-6, TNF-α, MCP-1 and IL-1β, were elevated in the DEN group compared with the control group ([Fig. 3](#f3-mmr-22-02-0697){ref-type="fig"}). IL-6, MCP-1 and IL-1β were reduced in caudatin-treated rats (P\<0.05).

### Effect of caudatin on chaperone expression in the HCC model

Reportedly, DEN-induced hepatocarcinogenesis induces ERS ([@b13-mmr-22-02-0697]). Therefore, the expression of the (co-)chaperones GRP94, GRP78 and PDIA4 in liver nodules was examined. Based on immunohistochemical analysis, it was observed that the basal level of pro-survival GRP78 in non-HCC livers was markedly low. Notably, a considerable amount of GRP78 was observed in the liver nodules of the DEN group ([Fig. 4](#f4-mmr-22-02-0697){ref-type="fig"}). However, an inhomogeneous pattern of GRP78-positive HCC cells was observed within the nodules, with only a few GRP78-positive cells in the surrounding tissue. The protein and mRNA level of GRP78 was reduced following caudatin treatment ([Fig. 4](#f4-mmr-22-02-0697){ref-type="fig"}). Additionally, both mRNA and protein levels of GRP94 and PDIA3 followed a similar pattern.

### Effect of caudatin on the expression of ER sensors and UPR targets in DEN-induced liver tumors

Next, the effects of caudatin on the pattern of UPR signaling in liver nodules was evaluated. First, the deactivation of UPR targets was examined at the protein level. Reportedly, the PERK-eIF2α-ATF4 pathway is activated during hepatocarcinogenesis ([@b30-mmr-22-02-0697]). p-PERK mediates the phosphorylation of the eIF2a, p-eIF2a subsequently activates ATF4 and ATF4 upregulates the transcription of growth arrest and DNA-damage-inducible protein 34 (GADD34) ([@b31-mmr-22-02-0697]). In the present study, DEN markedly activated the PERK-eIF2α-ATF4 pathway, as indicated by the significantly enhanced expression of p-PERK and p-eIF2α and downstream signaling molecules (ATF4 and GADD34). Consistent with the transcriptional suppression, caudatin inhibited the ATF4 protein levels ([Fig. 5A](#f5-mmr-22-02-0697){ref-type="fig"}). Furthermore, caudatin repressed ATF4 and GADD34 transcription ([Fig. 5B](#f5-mmr-22-02-0697){ref-type="fig"}). In addition, the phosphorylation of PERK and eIF2a was inhibited following caudatin treatment.

Western blotting revealed a robust cleavage of ATF6 in liver nodules compared with the mild expression of cleaved-ATF6 observed in saline-treated rat livers, indicating that the ATF6 pathway was activated at week 20 ([Fig. 5A](#f5-mmr-22-02-0697){ref-type="fig"}). Caudatin treatment reduced ATF6 cleavage. The reduced ratio of full ATF6/cleaved ATF6 protein expression was clearly upregulated following caudatin treatment.

Next, the IRE1 pathway was investigated. IRE1 activation promotes X-box binding protein 1 (XBP1) mRNA splicing to generate a more active spliced XBP1 (XBP1s), inducing genes involved in protein folding, such as endoplasmic reticulum DnaJ homolog 4 (ERDJ4) ([@b32-mmr-22-02-0697]). Notably, the ratios of phosphorylated IRE1 to total IRE1 levels were higher in liver nodules than normal liver tissues. However, caudatin failed to impact the expression of phosphorylated IRE1. Consistently, the RT-qPCR analyses revealed a non-significant decrease in the mRNA level of the XBP-1 specific target gene, ERDJ4 ([@b33-mmr-22-02-0697]) ([Fig. 5B](#f5-mmr-22-02-0697){ref-type="fig"}). In summary, these results indicated that the DEN-triggered excessive UPR in rats was suppressed by caudatin, probably through inhibition of the ATF6 and PERK-eIF2α-ATF4 pathways, but not the IRE1 pathway.

Discussion
==========

In the present study, caudatin markedly decreased the incidence of HCC, and reduced macroscopic nodules and hepatic preneoplastic lesions in the DEN-induced HCC model. DEN, a widely used hepatocarcinogen, affects cancer initiation by inducing the formation of DNA-strand breaks and carcinogen adducts, thereby resulting in hepatocarcinogenesis ([@b34-mmr-22-02-0697]). Reactive oxygen species (ROS) and ERS have been demonstrated to play a role in DEN-induced hepatocellular carcinogenesis ([@b35-mmr-22-02-0697]). Oxidative stress can be enforced by ERS ([@b36-mmr-22-02-0697]). Furthermore, nonalcoholic steatohepatitis, hepatosteatosis and viral hepatitis also increase the risk of HCC. ERS is involved in the pathogenesis of these disorders ([@b37-mmr-22-02-0697],[@b38-mmr-22-02-0697]). MDA, ALT, AST and TBIL are valuable markers, widely used in animal studies to diagnose and observe the progress of hepatocarcinogenesis ([@b39-mmr-22-02-0697],[@b40-mmr-22-02-0697]). Consistently, the values of previously mentioned parameters increased sharply in the DEN-group as compared with the normal control group ([Table II](#tII-mmr-22-02-0697){ref-type="table"}) in the present study. Normalization of elevated TBIL, MDA, AST and ALT release from the liver proposes a potent protective effect of caudatin against DEN-induced liver damage.

ER provides a quality control system, regulating the modification and folding of membrane and secretory proteins and eliminating misfolded polypeptides through autophagic degradation or ER-associated degradation ([@b41-mmr-22-02-0697]). A variety of toxic insults including Ca^2+^ overload, failure of protein folding, synthesis, degradation or transport and hypoxia can interrupt the ER function and give rise to ERS ([@b42-mmr-22-02-0697]). The accumulation of misfolded and unfolded proteins in the ER is denoted as ERS ([@b43-mmr-22-02-0697],[@b44-mmr-22-02-0697]). Tumors frequently yield increased mutant proteins, beyond the normal ER capacity, with the vascular supply ultimately failing to meet the nutrient demands ([@b45-mmr-22-02-0697]). The UPR reinstates protein folding homeostasis and alleviates ERS by decreasing protein synthesis, facilitating protein degradation, augmenting protein folding and enhancing lipid synthesis ([@b46-mmr-22-02-0697]). Additionally, the UPR exerts an essential role in cancer cells maintaining malignancy and therapy resistance ([@b47-mmr-22-02-0697]). Compared with normal tissues, sustained UPR activation has been described in numerous solid tumor types, including HCC liver tissues ([@b48-mmr-22-02-0697]).

The major chaperone, GRP78, is a dominant supervisor of the UPR ([@b49-mmr-22-02-0697]). Generally, GRP78 is associated with a greater risk of cancer recurrence and poor outcomes. GRP78 can impede pro-apoptotic and caspase-4 pathways, stimulating metastasis and therefore yielding a worse prognosis ([@b50-mmr-22-02-0697]). In some toxicology/pharmacokinetic studies in patients and monkeys, anti-GRP78 antibodies were well tolerated ([@b51-mmr-22-02-0697],[@b52-mmr-22-02-0697]). Furthermore, despite the partial GRP78 levels following treatment with anti-GRP78 agents, the adult liver can function normally, indicating that the anti-GRP78 damage to the normal liver may be limited ([@b51-mmr-22-02-0697]). In the present study, the base liver levels of pro-survival GRP78 were relatively low and DEN treatment induced a marked amount of GRP78 in the liver tumors. In immunohistochemical staining, the number of GRP78-positive cells were considerably reduced by caudatin treatment. This result was further confirmed by RT-qPCR and western blot analysis. A similar tendency was observed with other chaperones including GRP94 and PDIA4.

ERS stimulates exosome release in PERK- and IRE1α-dependent manners ([@b53-mmr-22-02-0697]). A rapid increase in ER-related proteins, such as ATF6 and spliced XBP1, is observed in patients with severe liver fibrosis or with HCC, as well as in CCl~4~-induced fibrotic mouse liver tissues ([@b19-mmr-22-02-0697],[@b54-mmr-22-02-0697],[@b55-mmr-22-02-0697]). Consistently, both IRE1 and ATF6, as well as the PERK arms of the UPR, exhibited notable tumor-specific activation in the present study. ATF6 cleavage was elevated in the DEN-induced rat liver nodules compared with the saline group at week 20. The DEN-induced activation of ERS sensors, the PERK pathway and ATF6 cleavage, were evidently reduced by caudatin treatment. Nevertheless, the effect of caudatin on the ratio of phosphorylated IRE1α/total IRE1α and on the transcription of the downstream target, ERDJ4, was minimal. IRE1 is the most conserved transducer of the UPR, a surveillance mechanism that guarantees homeostasis in the eukaryotic ER. Notably, PERK mediates the cell cycle exit during the mammalian UPR ([@b56-mmr-22-02-0697]). IRE1 is activated by the binding to unfolded proteins or separation from the suppressive interaction with chaperone GRP78; ultimately, IRE1 catalyzes the XBP1 transcript ([@b57-mmr-22-02-0697]). XBP1 mRNA further splices into XBP1s, which participates in the protein folding of ERDJ4. In addition, GRP78 overexpression coupled with ERDJ4 shrinks the induction of CHOP in ERS and decreases ERS-induced apoptosis ([@b58-mmr-22-02-0697]).

It has been reported that excessive or sustained activation of the UPR results in chronic inflammation ([@b59-mmr-22-02-0697]). The transmission of ERS to macrophages promotes the inflammatory response in the HCC microenvironment ([@b60-mmr-22-02-0697]). Additionally, cytokines can augment ERS in a positive feedback manner and encourage tumor growth ([@b61-mmr-22-02-0697]). IL-6 is one of the best characterized tumorigenic, inflammatory cytokines, especially stimulating the development of HCC ([@b62-mmr-22-02-0697],[@b63-mmr-22-02-0697]). Elevated IL-6 levels have been observed in both HCC and liver cirrhosis ([@b64-mmr-22-02-0697]). Even though IL-6 is predominantly secreted by resident immune cells, hepatocytes contribute to the total IL-6 expression in the liver microenvironment ([@b7-mmr-22-02-0697]). In turn, IL-6 hastens compensatory hepatocyte proliferation, principally through tumor progression ([@b65-mmr-22-02-0697]). In the present study, liver inflammatory foci and hepatic pro-inflammatory biomarkers, including IL-6, MCP-1 and IL-1β, were significantly reduced by caudatin. The levels of Ki67, a mitotic marker expressed from the mid-G1 phase to the end of mitosis, were also substantially reduced by caudatin. Notably, accumulating data has indicated that Ki67 is involved in the regulation of mitotic progression, including chromatin organization, DNA replication and interactions with motor proteins to control centrosome separation ([@b66-mmr-22-02-0697]). A fraction of Ki-67-positive tumor cells is often correlated with the clinical course of cancer and the tumor grade ([@b67-mmr-22-02-0697]). A previous study observed a positive correlation between the Ki67 expression levels and the risk of local recurrence ([@b68-mmr-22-02-0697]).

In summary, the present study demonstrated caudatin as an effective anti-hepatocarcinogenesis compound, suggesting that the anticancer effects are probably mediated by regulating the PERK-ATF4-eIF2α pathway and ATF6 cleavage. Concerning the decline of GRP78 by caudatin in liver nodules, further studies are required to identify the potential of caudatin in ameliorating metastasis and chemoresistance, advancing the prognosis in HCC patients.
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![*In vivo* MRI images of liver tumors in rats. Representative images of tumors from each group. T2- and DWI-weighted MR images of the liver, as well as T1CE MRI following injection of Magnevist (n=6/group). Tumors in T1CE MRI are indicated with red asterisks. MRI, magnetic resonance imaging; DWI, diffusion-weighted imaging; T1CE, tail vein and contrast enhanced.](MMR-22-02-0697-g00){#f1-mmr-22-02-0697}

![H&E staining and immunohistochemical analysis of Ki-67 in liver sections. Hemorrhage (black arrow), hepatic sinus dilation (red arrow), tumor cells (black asterisk) and necrosis are evident in the DEN group. Fibrosis (red asterisk) is observed in the caudatin-treated group. Hepatocytes stained positive with the proliferation marker (Ki-67) were counted under a microscope at ×100 magnification. Graph shows quantitation of Ki-67 immunohistochemistry. \*\*P\<0.01 vs. control; ^\#\#^P\<0.01 vs. DEN group (n=6/group). The Ki-67 intensity is reduced in caudatin-treated groups compared with the DEN group as shown in the immunohistochemical analysis (scale bar=100 µm). H&E, hematoxylin and eosin staining; DEN, diethylnitrosamine.](MMR-22-02-0697-g01){#f2-mmr-22-02-0697}

![Effects of caudatin administration on hepatic pro-inflammatory cytokines. IL-6, TNF-α, MCP-1 and IL-1β levels of liver tissues were examined by ELISA kits (n=6/group). \*\*P\<0.01 vs. control; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. DEN group. IL, interleukin; TNF, tumor necrosis factor; MCP-1, monocyte chemoattractant protein 1; DEN, diethylnitrosamine.](MMR-22-02-0697-g02){#f3-mmr-22-02-0697}

![Effect of caudatin on the expression of chaperones in the DEN-induced HCC model. (A) Reverse transcription-quantitative PCR of GRP78, GRP94 and PDIA4 following the caudatin (50 mg/kg) treatment. \*\*P\<0.01 vs. control; ^\#^P\<0.05, ^\#\#^P\<0.01 vs. DEN group. (B) Western blot analysis of chaperone proteins. Results are representative of three independent experiments. (C) GRP78 immunostaining in the liver. Arrows indicate tumors (scale bar=100 µm). DEN, diethylnitrosamine; HCC, hepatocellular carcinoma; GRP78, glucose-regulated protein, 78 kDa; GRP94, glucose-regulated protein, 94 kDa; PDIA4, protein disulfide-isomerase A4.](MMR-22-02-0697-g03){#f4-mmr-22-02-0697}

![Effect of caudatin on the expression of IRE1α and ATF6 and activation of the PERK/eIF2α/ATF4 pathway in the DEN-induced HCC model. (A) Representative western blot analysis of ERS protein expression. (B) Reverse transcription-quantitative PCR of ERDJ4, ATF4, GADD34 following caudatin (50 mg/kg) treatment. \*\*P\<0.01 vs. control, ^\#\#^P\<0.01 vs. DEN group. IRE1, inositol requiring enzyme 1; ATF, activating transcription factor; PERK, PKR-like endoplasmic reticulum kinase; eIF2α, eukaryotic initiation factor 2α; DEN, diethylnitrosamine; HCC, hepatocellular carcinoma; ERDJ4, endoplasmic reticulum DnaJ homolog 4; GADD34, growth arrest and DNA damage-inducible protein; p-, phosphorylated.](MMR-22-02-0697-g04){#f5-mmr-22-02-0697}

###### 

Effect of caudatin on the body weight, food consumption and the number of macroscopic hepatocyte nodules.

                               Groups                                                                                                                          
  ---------------------------- ------------ ------------------------------------------------------------ ----------------------------------------------------- -----------------------------------------------------
  Final body weight, g         559.4±19.5   400.1±37.2^[a](#tfn2-mmr-22-02-0697){ref-type="table-fn"}^   414.2±39.3                                            447.3±49.7
  Food consumption, g/d        2.9±0.2      3.0±0.2                                                      2.9±0.1                                               3.0±0.2
  Total no. of nodules         0            78                                                           55                                                    45
  Mean measurement of nodule   0            13±2^[a](#tfn2-mmr-22-02-0697){ref-type="table-fn"}^         9±1^[b](#tfn3-mmr-22-02-0697){ref-type="table-fn"}^   7±1^[b](#tfn3-mmr-22-02-0697){ref-type="table-fn"}^
  \>3 mm                       0            39                                                           22                                                    15
  \<3 to \>1 mm                0            19                                                           18                                                    12
  \<1 mm                       0            20                                                           15                                                    18

Each value is expressed as mean ± standard deviation (n=6/group).

P\<0.05 vs. control

P\<0.05 vs. DEN. DEN, diethylnitrosamine.

###### 

The effect of caudatin on biochemical markers of hepatic injury in DEN rats.

  Treatment           ALT, U/ml                                                    AST, U/ml                                                    TBIL, mg/dl                                                 MDA, mol/g tissue
  ------------------- ------------------------------------------------------------ ------------------------------------------------------------ ----------------------------------------------------------- --------------------------------------------------------------
  Control             10.85±1.01                                                   14.75±0.71                                                   0.27±0.08                                                   336.70±23.98
  DEN                 30.65±2.02^[a](#tfn5-mmr-22-02-0697){ref-type="table-fn"}^   36.04±2.48^[a](#tfn5-mmr-22-02-0697){ref-type="table-fn"}^   1.02±0.18^[a](#tfn5-mmr-22-02-0697){ref-type="table-fn"}^   528.18±58.42^[a](#tfn5-mmr-22-02-0697){ref-type="table-fn"}^
  Caudatin 25 mg/kg   27.29±1.60^[b](#tfn6-mmr-22-02-0697){ref-type="table-fn"}^   28.35±1.18^[b](#tfn6-mmr-22-02-0697){ref-type="table-fn"}^   0.83±0.11                                                   436.79±22.97^[b](#tfn6-mmr-22-02-0697){ref-type="table-fn"}^
  Caudatin 50 mg/kg   18.61±0.85^[b](#tfn6-mmr-22-02-0697){ref-type="table-fn"}^   23.10±1.18^[b](#tfn6-mmr-22-02-0697){ref-type="table-fn"}^   0.77±0.19^[b](#tfn6-mmr-22-02-0697){ref-type="table-fn"}^   370.19±32.57^[b](#tfn6-mmr-22-02-0697){ref-type="table-fn"}^

Each value is expressed as mean ± standard deviation (n=6/group).

P\<0.01 vs. control

P\<0.05 vs. DEN. DEN, diethylnitrosamine; ALT, alanine transaminase; AST, aspartate aminotransferase; TBIL, total bilirubin; MDA, malondialdehyde.

[^1]: Contributed equally
